Abstract A nanofiltration (NF) based separation process is used to treat the effluent from a textile plant to allow for water reuse and fulfill environmental standards. The wastewater effluent contains reactive black (RB5)-and disperse (DR60) dyes. A NF-unit model E2 series with HL 2521 TF spiral wound module was used to carry out experiments. 90 & 93% color removal and COD reduction for RB5 and 98 & 95% for DR60 were achieved. A parametric study of the separation process is undertaken to characterize the effects of the operating variables, e.g., trans-membrane pressure, dye/salt concentration in the feed, temperature, and cross flow velocity. The solution diffusion model was used to develop power correlations to calculate the permeate side solute mass transfer coefficient as a function of effective cross-flow Reynolds number. In contrast to the commonly assumed constant hydraulic solvent permeability, a non-linear relationship was developed over the applied transmembrane net driving pressure. The latter correlates exponentially with salt permeability for both dyes. The effects of feed salt-content on solute mass transfer coefficient, water and salt permeability, concentration polarization, dye hydrophobicity and ionic strength were studied. Results were used to assess engineering specifications of a commercial size NF-plant (500 m 3 /d capacity).
Introduction
Weaving, textile and dying industry represent one of the most important economic sectors in Egypt whose production exceeds $5 billion in 2012. The latter constitutes 25% of the Egyptian gross domestic production. The textile fabrics -particularly dye houses -are frequently considered as one of the most hazardous water-polluting sources in Egypt.
Their wastewater usually contains residuals of dyestuffs, detergents, sulfide compounds, solvents, heavy metals and inorganic salts whose concentrations are beyond environmental allowances. Compliance with Egyptian environmental laws oblige such fabrics to practice treatment units to verify environmental standards [1, 2] .
The waste effluent contaminants are based on the type of the process being used [3, 4] and cannot be directly discharged to receiving water bodies due to their dramatic harmful impact on the environment [5] [6] [7] [8] [9] [10] . Dyestuff-effluents as the major toxic polluting source are usually subjected to conventional biological treatment by activated sludge. The latter does not meet great success as most of dyes resist aerobic biological treatment and chemical oxidation [3] .
An advanced treatment technology is therefore necessary, especially if reuse of treated wastewater and de-colorization are objectives [11] . Membrane filtration can be considered as an optimal solution to remove color, COD and salinity [12, 13] . Nanofiltration (NF) has proved high reliability in many waste water purification purposes [14] [15] [16] [17] . NF-process is an efficient color removing technology, reducing the volume of generated wastewater, recovering and recycling valuable constituents. It functions by both pore size flow and the solution diffusion mechanism [18, 19] .
The present work is concerned with the study of the performance of low pressure NF-membrane unit for treating dyehouse effluents from El-Alamia Company for Textile and Dying (10th of Ramadan Industrial City) aiming to: (i) recycle water permeate for reuse, (ii) recovery of residual dyestuffs in concentrate stream, and (iii) reduction of pollution impacts to conform with environmental standards.
Wastewater effluents of dyed-cotton and polyester were thoroughly analyzed for pH, COD, TSS, and TDS according to standard analytical procedures, with HACH spectrophotometer for color assessment. IR-spectra were practiced to assess the dyes-functional groups and structural formulas. The principal property of NF-membranes is the ability to control the permeation of different species which is described by the solution diffusion model. A separation is achieved between different permeates because of differences in the amount of material that dissolves in the membrane and the rate at which the material diffuses through the membrane [19] .
The main objective of this study is to investigate, evaluate and optimize the performance of a Desal HL 2521-TF NF-membrane separation process ( Table 1) . The effects of different conditions of operating pressure, temperature, cross flow velocity, feed concentration and operating time on dye/ salt rejections in both reactive-RB5 and disperse-DR60 dye/ salt solution mixtures have been investigated [20, 21] . In addition, parameters of solution diffusion model (SDM) for the description of dye/salt rejection were evaluated [18, 22] .
Experimental results were used to conduct scaling-up engineering design calculations for a commercial size NF-plant for the treatment of dye house-effluent-solutions (500 m 3 /d). The techno-economic feasibility study guarantees an annual return on investment of 11% and may reach 28% when the environmental return on investment is considered. The corresponding payback periods are 5.4 and 2.7 years respectively.
Experimental
Characteristics of the NF-membrane separation unit are given in Table 2 . The schematic flow diagram showing individual unit-components and flow streams is given in Fig. 1 . Wastewater effluents of dyed-cotton and polyester were thoroughly analyzed for pH, COD (ASTM 5220D), TSS (ASTM 2540B), and TDS (ASTM 2540C) according to standard chemical procedures (Table 3) . DR-2800 HACH-spectrophotometer was used for color assessment of both dyes (k max = 597 nm for RB5, and k max = 505 nm for DR60). IR-spectra (Fourier Transform Infrared Spectrophotometer, Jasco-Japan FT/IR-6100) were practiced to assess functional groups and structural formulas of dyes used (Fig. 2) .
Effect of operating parameters

Effect of operating pressure
NF -is frequently a pressure-driven physical process. The variation of permeate flux (J p ) under different net driving pressures (NDP) is illustrated in Figs. 3 and 4 for dyes RB5 and DR60 respectively. The permeate flux (J p ) increases linearly with the increase of operating pressures. However, the linear increase in dye concentrate flux diminishes beyond a specific pressure. These two regimes are defined as a pressure controlling region and mass transfer region. In the second region, increasing the operating pressure only results in a buildup of a solute layer. The latter will resist and consequently delay the increase in the transport rate of components with increasing pressure. Such limiting pressure should be considered to allow appropriate design applications that guarantee optimum fixed-and operating costs.
The rate of permeate flux (J p ) increase diminishes during raising the operating pressure. This results, probably, from the compressing effect of the membrane causing diminishing of the active average pore size of the active membrane separating layer [6] [7] [8] 23] . Fig. 5 shows the variation of % permeate recovery (%PR) with (NDP), while the effect of applied operating pressure (P) on %dye/salt rejections (%SR) for both reactive (RB5)-and disperse (DR60)-dyes is illustrated in Fig. 6 . The dye rejection (%DR) was, generally, greater at higher filtration pressures, in qualitative agreement with the classical (Spiegler-Kedem) convection/diffusion model for solute transport [24] . Higher efficiencies for DR60-effluents are attributed to the lower salt concentration in inlet dying solutions.
As the applied pressure is increased from 5 to 15 bar at a constant feed flow rate of 480 L/h and temperature of 25°C: (i) the COD, TDS, and RB5-color removal percentages were in the ranges 82 ? 93%, 27 ? 42%, and 83 ? 89% respectively (dye/salt feed concentration C f = 13,860 mg/L); (ii) the COD, TDS, and DR60-color removal percentages were in the ranges 92% ? 94%, 92% ? 94%, and 92% ? 95% respectively (dye/salt feed concentration C f = 1410 mg/L).
Effect of feed flow rate
The feed flow rates (Q f ) were varied from 390 ? 480 L/h, keeping other operating parameters constant (feeding pressure (P) = 15 bar; operating temperature (T) = 25°C; RB5 + salt concentration (C f ) = 13,860 mg/L; DR60 + salt concentration = 1410 mg/L). Greater feed flow rates result in higher permeate and concentrate flow, and declined salt passage. Permeate flux (J p ) at different cross-flow velocities (u cf ) for both dyes are shown in Fig. 7 . The permeate flux is increased almost-linearly with increasing cross flow velocity. Increasing cross-flow velocities results in: (i) increasing the mass transfer of the system, (ii) improving the degree of mixing near the membrane surface, (iii) reducing the degree of concentration polarization and osmotic pressure on the membrane surface, (iv) increasing tangential and radial velocities of the fluid can break down the boundary layer and collapse resistivity to diffusing species, (v) bringing on an ideal turbulence with favorable flow pattern [21, 25, 26] . It is also clear that salt-fluxes (J s ) are increased for both dyes as the cross flow velocity (u cf ) was increased. The latter will reduce: (i) solute-concentration polarization at the membrane surface, (ii) permeate concentration [20, 27, 28] .
Experimental evidence has proved higher permeateconcentrate-and salt rejection-fluxes for DR60-dye solutions as compared with RB5-dye solutions. This is frequently attributed to the higher influent RB5 dye/salt concentration. Temperature increase will frequently result in more sorption of dye by the membrane. A higher temperature causes more homogeneous dye concentration and distribution between the solution and membrane phases that result in lowering dye rejection with a remarkable decline in salt flux.
35°C was registered as optimum operating temperature that fulfills maximum dye recovery (%DR) and salt rejection (%SR). For RB5 and DR60-dye solutions, the permeate fluxes at 45°C were about 1.4 and 1.2 times higher than those measured at 20°C respectively. This is frequently attributed to increasing dye diffusion coefficient, falling of mass transfer resistance and decreasing of dye-solution viscosity.
Effect of concentration gradient
As water flows through the membrane and the membrane rejects salts, a boundary layer is formed near the membrane surface in which the salt concentration exceeds the salt concentration in the bulk solution. This increase of salt concentration is called concentration polarization (CP) that reduces actual product water flow rate and salt rejection. The effects of (CP) are: (i) greater osmotic pressure at the membrane surface than in the bulk feed solution, that reduces net driving pressure differential across the membrane, (ii) reduced permeate flux across the membrane, (iii) increased salt flow across the membrane (reduction of salt rejection), and (iv) the distinct possibility of salt precipitation causing membrane scaling [28, 29] . Fig. 9 illustrates variation of permeate flux (J p ) of both reactive (RB5)-and disperse (DR60)-dye-salt solutions with inlet feed concentration (C f ).
The permeate flux dropped dramatically with increasing concentrations of dye and salt, that can be explained from the equation of permeate flux of solutions containing salts that is:
When the concentration of the dye + salt solution is increased, both the solution viscosity and CP are also increased, causing an increase in non-recoverable resistance (R non-rec ). At the same time, osmotic pressure (Dp) would also increase. Consequently, the effective filtration driving force is decreased in constant pressure operation (DP) and the permeate flux (J p ) is decreased inevitably.
It is evident from Fig. 10 that the rejection of dye (%DR) is increased while increasing initial feed concentrations (C f ). This is attributed to the formation of a gel layer by the rejected dye on the membrane surface, which may act as additional resistive layer. Higher feed concentration increases dye-accumulation, resulting in higher dye-rejection as compared with lower dye-feed-concentrations. On the other hand a decline in salt rejection was observed experimentally, that could be attributed to the electrostatic effect between the membrane and salt species [30] .
Different electrostatic interactions take place between dye, NaCl and membrane. As expected from CP effect, the higher salt concentrations resulted in a lower permeate flux. Less sharp decline is proved when dealing with dilute solutions [28] .
An integrated graphical comparative presentation for the effect of cross-flow-Reynolds number variation (Re eff , Re c ) on the permeate-and salt-fluxes (J p , J s ) of reactive (RB5)-and disperse (DR60)-feed solutions is given in Figs. 11 and  12 respectively. It can be clearly deduced that higher permeate-and lower salt-fluxes are generated at higher Reynolds numbers, particularly at low NaCl-concentrations (DR60-dye-salt solutions).
Mass transfer in spiral wound modules
The SDM -equations are successfully describe steady state permeation of water flux (J w ) and solute flux (J s ) through diffusion controlled NF-membranes. SDM is utilized to predict permeate concentration (C p ), water and salt fluxes (J w , J s ), % permeate recovery (%PR), solute mass transfer coefficient (k s ), and water and salt permeability (K w , K s ). Mass balance equations for solvent and solute in the membrane module are written as [18, 22, [31] [32] [33] [34] :
The water-permeate transport equations are given as:
Consequently, the permeate flux (J p ) is given by:
The net hydraulic and osmotic pressure -differentials across the membrane (DP, Dp) are mathematically expressed as:
The average hydraulic and osmotic pressures on the feed side ðP; pÞ are given as:
The rate of salt flow through the membrane is given by:
Consequently, the salt flux (J s ) is given by:
The average salinity on the feed side ðCÞ is defined as:
The performance of a NF-membrane is determined by: solvent permeability (K w ), the recovery factor, and rejection factor %(SR).
The latter two parameters are expressed as:
%ðSRÞ ¼ 100
The hydrodynamics in spiral wound element are critically influenced by the presence of the spacer material in the feed and permeate channels. The latter reduces the void volume and raises the effective velocities. A characteristic velocity in a spiral wound element can be calculated as [35] :
The effective area (A eff ) can be calculated from the leaf width (b), spacer thickness (h sp ), and porosity (e). For this the assumption is made that the effective channel height (h) is equal to the spacer thickness (h sp ), thus: For channels with periodically variable cross sections, such as spacer-filled feed and permeate channels, the hydraulic diameter (d h ), is given by:
For a flat channel (b ) h) with spacer the resulting definition is:
Using the definition for porosity (e):
and specific surface of the spacer (S v,sp ), and for flat channel:
The definition of the hydraulic diameter (d h ) becomes:
The effective cross flow velocity (u eff ) defined by Eq. (14) is now used to calculate the channel cross flow Reynolds number (Re eff ) expressed as:
The Schmidt number (Sc) is defined as:
The mass transfer coefficient (k) under laminar flow conditions is given by the following equation [11, 31, 32, 36, 37] .
Results and discussion
Permeate side mass transfer coefficient
For the calculation of Schmidt number (Sc), the effective solute diffusivity was found to be 0.317 Â 10 À9 m 2 /s and 0.55 Â 10 À9 m 2 /s for reactive black (RB5)-and disperse red (DR60) dyes respectively. Such variation is in good conformity with permeate flux increase with raising temperature. The calculation of solute mass transfer coefficients (k) for both RB5 and DR60 dyes on both feed and permeate sides reveals excellent agreement with their corresponding diffusion coefficients (D DR60 = 1.8 D RB5 ). For the same operating conditions and for the feed side, the mass transfer coefficient (k) of DR60 was about 1.5 times that of RB5. For the permeate side, such increase was about the same.
It was evident that the presence of high-NaCl concentrations under alkaline conditions (RB5-solutions, pH = 9.5 ? 10) has resulted in a lower permeate fluxes (Fig. 9) , higher salt-and color removal (Fig. 10) . This might be due to: (i) decrease in dye solubility, (ii) increase the ionic strength as well as degree of aggregation of dye molecules via common ion effect, (iii) increase in dye hydrophobicity, (iv) increase in the tendency of dye molecules to be adsorbed by on the membrane surface, (v) increasing the concentration polarization of both salt-and dye-layers acting as an additional barriers to the passage of the color, (vi) higher osmotic pressure, lower NDP, higher membrane + non-recoverable resistances. Less sharp decline was proved when dealing with lean DR60-solutions [28, 38] .
Solution diffusion model predicted mass transfer parameters for experimental nanofiltration unit are illustrated in Tables 4 and 5 for RB5 and DR60 respectively. The mass transfer coefficient on the permeate side (k p ) is increased exponentially with increasing cross flow Reynolds numbers. The exponential increase of (k p ) at high cross flow velocities suggests that dye does not precipitate at all, whereas at low velocities, the salt concentration polarization causes a local salting out of dye causing an increase of dye permeation rate through the membrane [28] .
In addition, the dependence of (k p ) values was much less at higher salt concentrations (RB5) due to the decrease of the concentration polarization of dye molecules at high salt concentrations (higher k p values). At low salt concentrations (DR60), formation of a gel layer influenced the mass transfer coefficient (k p ).
The developed mathematical expressions for mass transfer correlations (Fig. 13 ) may be written as: The membrane transport equation for the solution diffusion model describes flux through the membrane (J i ) as dependent on the concentration of solute in both feed and permeate and the pressure difference across the membrane [18, 25] :
Based on Eq. (26), the value of term
is reduced with rising temperatures. The value of the membrane sorption coefficient (K i ), decreases too. However, the diffusion coefficient (D i ) for each component increases. The increase or decrease in permeation flux depends on the product of (D i ) and (K i a i ). Along with the increase of temperature, the permeate flux increases. Such fast increase makes it clear that the value-added for (D i ) is greater than the value reduced for (K i a i ). The direct proportionality of (D i ) with the mass transfer coefficient of the solute on the permeate side (k p ), as proved by the Sherwood number (Sh), results in a simultaneous increase of both.
The influence of temperature on the solute mass transfer coefficient (k p ) for both dyes is presented in Fig. 14 , proving much less dependence of (k p ) at higher salt concentrations.
Water permeability coefficient
Experimental results prove the direct proportionality of water permeability coefficient (K w ) with net driving pressure (NDP) at constant boundary conditions. For DR60 experimental runs and at a temperature of (25°C), flow rate (480 L/h) and inlet feed concentration of 1410 mg/L, the water permeability coefficient (K w ) increases from 1.00EÀ6 ? 1.65EÀ6 m 3 /m 2 s bar as the permeate flux (J p ) and net driving pressure (NDP) increase from 22.75 to 57.25 L/m 2 h and 3.85 ? 14.50 bar respectively (Fig. 15) .
For RB5 experiments and at a temperature of (25°C), flow rate (480 L/h) and inlet feed concentration of 13,860 mg/L, the water permeability coefficient (K w ) proves higher increase from 1.00EÀ6 ? 2.05EÀ6 m 3 /m 2 s bar as the permeate flux (J p ) and net driving pressure (NDP) increase from 34.3 to 45.7 L/m 2 h and 1.95 ? 10.75 bar respectively (Fig. 15) .
In any case, the solvent permeability (K w ) is not constant, but truly depends on trans-membrane net driving pressure (NDP) rather than the net hydraulic pressure-differential across the membrane (DP) [39] . Consequently Eq. (4) is modified to:
where, Dp = 0 for pure water. Fig. 15 shows measured water permeability coefficient (K w ) over net trans-membrane driving pressure (NDP) for RB5 and DR60-dyes respectively. Experimental data of solvent permeability coefficient (K w ) reveal its best correlation with net driving pressure (NDP) as power functions rather than the net hydraulic pressure differential across the membrane (DP) as claimed by [39] . This might be caused by membrane compression or by an increased pressure drop on the permeate side at higher fluxes and a resulting decrease in driving force. The solvent permeability-correlations for both dyes may be written as:
The graphical plot of Eqs. (31) and (32) reveals an average pure water permeability of 1.00 ? 5.00EÀ6 m 3 /m 2 s bar, where higher salt concentrations prove minor effects on water permeability (K w ) as proved by Fig. 15 .
The water permeability coefficient (K w ) is directly-and inversely-proportional to the permeate flux (J p ) and net driving pressure (NDP) respectively. At low concentrated solutions, the effect of increasing feed concentration (C f ) on osmotic pressure is negligible that resulting in almost constant with gradual decrease of both J p and K w . On the other hand, at high concentrated solutions, the osmotic pressure is remarkably affected by increasing feed concentration (C f ) causing a gradual decrease in NDP. The incremental increase in feed concentration (dC f ) will result in: (i) less differential decrease in permeate flux with feed concentration (dJ p /dC f ) as compared with that of net driving pressure (d(NDP)/dC f ), and (ii) net increase in water permeability coefficient (K w ) (Fig. 15) .
Salt permeability coefficient
Salt transport is basically controlled by both concentration gradient and salt flux. For reactive black (RB5) experiments, and for almost constant temperature and concentration of 25°C and 13,680 mg/L respectively, the salt permeability coefficient increases from 1.00EÀ5 ? 2.35EÀ5 m/s as the salt flux and net driving pressure increases from 1.45EÀ1 ? For DR60 experiments and at constant boundary conditions of temperature (25°C), flow rate (480 L/h) and inlet feed concentration of 1410 mg/L, the salt permeability coefficient (K s ) increases from 5.00EÀ7 ? 2.50EÀ6 m/s as the salt flux (J s ) and net driving pressure (NDP) increase from 2.5EÀ3 ? 5.25EÀ3 kg/m 2 h and 3.85 ? 14.5 bar respectively. Higher salt permeability coefficients were predicted for high NaCl-feed solutions as compared with dilute ones. In the latter case the K s -values are almost only dependent on salt flux (J s ) variations as negligible changes in concentration gradient ðDC ¼ C À C p Þ were registered (Fig. 17) .
On the other hand, an exponential hydraulic relationship between salt permeability coefficient (K s ) and salt flux (J s ) is verified experimentally for both dyes (Fig. 17) , and are best mathematically correlated as: Experimental results were used to conduct scaling-up of engineering design calculations of a commercial size NF-plant for the treatment of disperse dye-house waste effluents (500 m 3 /d). The offered price was $185,000. The total estimated processing cost per 1 m 3 permeate product is LE 6 that guarantees an annual return on investment of 11% and may reach 28% when the environmental return is considered ( Table 6 ). The corresponding payback periods were 5.3 and 2.7 years respectively. On the other hand, a combined NF/RO system is considered when reactive dye-house effluents are considered. In such case the study reveals positive profitability potentials only when environmental return on investment is considered. Figure 17 Effect of salt flux variation on salt permeability coefficient (temperature = 25°C; flow rate = 480 L/h; inlet feed concentration of RB5-and DR60-solutions = 13,860 mg/L and 1410 mg/L respectively). Table 6 Estimating of total product cost. I/C: plant overhead costs Estimated as: 50 ? 70% of cost of operating labor, supervision, and maintenance and repairs, or 5 ? 15% of total product cost II: General expenses = administrative costs + distribution and selling costs + research and development costs (1) Administrative costs 15% of costs of operating labor, supervision, and maintenance and repairs, or 2 ? 6% of total product cost (2) Distribution and selling costs 2 ? 20% of total product cost (3) Research and development costs 2 ? 5% of every sales dollar, or about 5% of total product cost (4) Financing interest 0 ? 10% of total capital investment III: Total product cost = manufacturing cost + general expenses IV: Gross earnings = total income À total product cost
Conclusions
The reuse of process water in the textile industry is considerable in terms of environment, economy and industrial management by NF-membranes. Experimental results have proved the effects of operating pressure, cross flow velocity, concentration of components, and temperature on permeate flux and salt rejection. The rise of pressure enhanced the transport rate of solvents. The change of temperature led to variation of diffusion and sorption coefficients of components, and further influenced the flux.
Optimum performance was determined at P = 15 bar, Q f = 480 L/h, T = 35°C. Differences between permeate flux values and salt rejections together with solute mass transfer coefficient, water and salt permeability for RB5 and DR60-dye/salt mixtures were registered owing to variation of NaCl-concentrations and solute molecular diffusivity 
